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The hormone. Insulin, has been demonstrated to affect
developmental systems. The purpose of this study was to
determine if it would affect a developing system shch as re¬
generation, Rana clamitans larvae were used as experimental;^
organisms. Their tails were amputated and gross, histologi¬
cal and biochemical observations were made following
injection of insulin into the tail stumps. All data are
based on the use of 4 units of insulin in the experimentals
and similar quantity of physiological saline in the controls.
Other doses of insulin (16, 12, 8 xmits) were used but all
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proved to be lethal.
After treatment, measurements of regenerative growth
of both experimental and control groups were made at 2-day
intervals throughout the regenerative period. The
experimentals were shown to lag significantly behind the
controls especially diaring the early days of regeneration.
However, there was little or no difference between the two
groups at the 26th day when regeneration was essentially
completed.
The histological studies revealed that insulin's
most noticeable effect on the process of regeneration was
on wound healing. A morphological bleb was quite prevalent
at the tip of the tails in the 2- and 4-day experimentals.
This bleb was the result of continued migration of the
epidermal lips after continuity had been established. It
appeared rather small in the 2-day experimentals when
compared with those of the 4th day. Here the migration had
continued much farther, thus producing a larger bleb. The
extent of the abnormal migration of the epidermis was di¬
rectly proportional to the length of time after amputation
until such abnormality had ceased (on the 6th day),
Biochemical studies tended to confirm the statistical
data which showed that the experimentals lagged behind the
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controls with respect to the amount of regenerative growth.
It was found that the synthesis of all three macromolecules
analyzed, DNA, RNA and proteins, showed a noticeable lag
behind the controls. In the controls, from about the 4th
day, there was a steady increase in the amount of macromole¬
cules, However, in the experimentals, a lag was generally
observed until about the 8th day when there was only a very
slight increase, if there was any at all. The lag in the
amount of synthesis was almost as great as three-fold in
some cases. The activity of the enz3mie, glucose-6-
phosphate dehydrogenase, also exhibited a pattern quite
similar to that of the other macromolecules studied.
All these data have been interpreted to mean that
insulin affects the regenerative process. Histological
studies revealed that its effect was quite similar to that
of some other chemicals which completely inhibited or
retarded the regenerative process; that is, the stimulation
of excessive epidermal migration, thereby producing a
thickened epidermis. Biochemical studies showed a
significant lag in the synthesis of the macromolecules
analyzed. The data suggested that the mode of action was at
the level of transcription.
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The phenomenon of regeneration follows a well ordered
sequence of events. It commences as a result of an Initial
stimulus and is followed by wound healing. The process of
would healing is not primarily one of growth. Probably no
»■
other animal tissue is more active than the epidermis in re¬
pairing lost or damaged parts. A deficiency in the epidermis
is rapidly covered by centripetal movement of the sxxrrounding
epithelium, and later, by reorganization and growth, the
original condition is restored.
The essential fxmction of an epithelium is to cover a
surface continxiously. When a break in the epidermis arises,
accidentally or otherwise, the epidermis extends until, if
possible, the free edge meets and unites with some other
portion of the same layer or with another epithelium. During
the migration of the epidermal cells, their spatial relation¬
ships are continually changing. Further, the epidermal cells
closest to the edge of the wound move faster than those
successively farther from the wound. In the initial advance
of cells in covering the wound, the cells closest to the edge
1
2
of the wovmd travel a greater distance than cells successively
farther from the edge.
After woxjnd healing has been completed, disorganization
of tissues ensiles, commonly referred to as dedifferentiation.
Many of the tissues in the stump undergo dedifferentiation,
which is manifested by the loss of many cytological
characteristics by which tissues are normally distinguished
from one another. There are two chief roles of the process of
dedifferentiation that facilitate;vregeneration. First of all,
by the elimination of many of their special characteristics,
cells become better able to move toward the site of amputation.
Secondly, dedifferentiation of many kinds of cells in the
stump facilitates the future differentiation of cells in the
blastema.
Following dedifferentiation, there accumulates at the
end of the stump a mass of undifferentiated cells. This
aggregate of cells is called a blastema. The blastema is
formed partly by the aggregation of cells and partly by their
subsequent proliferation. Later, these cells differentiate in¬
to the cell types characteristic of the appendage being
replaced. The specific origin of cells within the regeneration
blastema has long been in dispute. The weight of existing
evidence tends to indicate that nearly all mesodermal stump
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tissue are potential sources of blastema cells.
Once a mass of xmdifferentiated cells has accvimulated,
differentiation commences. The cellular differentiation pro¬
cess proceeds in a remarkably orderly manner, each tissue de¬
veloping in precisely the correct position in continuity with
the corresponding tissue in the stvimp. Concomitant with the
proximodistally directed differentiation, the entire structur¬
al pattern of the regenerate takes shape, reflecting the
operation of morphogenetic influences. The latter somehow
direct the spatial organization of the competent tissues, are
responsible for the general orientation of the regenerate,
and insure the production of a whole, well-integrated
appendage. The aforementioned process occurs in a temporally
and spatially coordinated sequence, culminating in the
cessation of growth once a complete regenerate has been pro¬
duced.
In recent years, investigators have studied the effects
of various agents on the process of regeneration, many of
which have been foxmd to be inhibitory to the process.
Likewise, much work has been done with insulin and its effects
on developing organisms, especially the chick embryo. This
hormone has been shown to cause rxmiplessness in chick embryos,
as well as other abnormalities. It also caused abortion of
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ijndersized fetuses and the birth of small young when injected
into pregnant rabbits• More recently it has been found to
cause chickens to stop laying completely, as well as produce
other abnormal behaviors. Some studies of the effects of
this hormone on tail regeneration in Rana clamitans larvae
have already been reported by the author (Black, 1968).
Those studies were limited to statistical, gross and
histological effects. The present investigations were
intended to confirm the previous statistical data, to obtain
additional information on other possible morphological
abnormalities, and to see if any chemical activities were
altered by the action of insulin.
CHAPTER II
REVIEW OF LITERATURE
The complexity of the phenomenon of regeneration has
been recognized for well over a century. Early workers were
chiefly concerned with analyzing the histology of amphibian
regeneration, and thereby attempted to trace the origin of
the cells which gave rise to the regenerating blastema. The
analysis of regeneration phenomena in the amphibian has been
greatly facilitated by the use of two general experimental
methods: surgical operations performed on the regenerating
strxictures, and controlled applications of physical and
chemical agents. The results derived by the former method in
particular led to the elxicidation of principles of broad
significance, relating the causal factors operative in
regeneration to those of embryonic development. In recent
years the use of abnormal physical and chemical environments
as analytical tools for the study of regenerating organs has
resulted in the tmcovering of important and unique causal
relationships which have eluded analysis by the more widely
used surgical method.
The influence of nerves on limb regeneration of
5
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iirodele amphibians has received considerable attention. It
has now been clearly demonstrated (Karczmar, 1946), that
amphibian limb regeneration occurs only when a critical nerve
would area ratio has been attained. The situation in
regenerating anuran limbs has been brought into conformity
with that of urodele limbs by the work of Van Stone (1955,
1964) who found that non-regenerating levels of antiran tad¬
pole? hind limbs are characterized by a lower number of nerve
fibers per unit of wound surface area than are levels which
are still capable of regenerating. Furthermore, Singer (1954)
stimulated forelimb regeneration in the adult frog by increas¬
ing the limb innervation through deviation of the sciatic
nerve to the forelimb. There is thus a strong correlation
between regenerative capacity in the anuran limb and nerve
fiber ntunber.
Another possible aspect of the nerve influence on limb
regeneration in virodeles has been proposed. Singer (1949)
described an extensive invasion of wound epidermis by nerve
fibers in regenerating urodele limbs. Thornton (1954) found
that the richly innervated wovind epidermis was invariably the
site of formation of a thickened epidermal cap underneath
which blastema cells accumulated to start the first phase of
regeneration. Limbs of Amblystoma larvae, which had been
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Induced to imdergo extensive regression by means of
denervation and Injury, later regenerated In the majority of
cases after reinnervation was allowed to occirr. Karol and
Singer (1966) demonstrated that a threshold number of nerve
fibers, approximately one-third to one-half of the normal
supply, must be available at the amputation wound In order for
regeneration to occvir. However, unlike the nerves, muscles and
the skeleton of the limb may be removed Individually without
affecting subsequent regeneration (Thornton, 1942; Hay, 1966).
The marked Influence of skin tlssxies on limb regeneration In
the adult salamander could be Inhibited by covering the fresh
amputation star face with skin taken from the body.
The discovery that certain physical and chemical agents
can be used to disrupt particular regeneration processes has
led to Important advances In the analysis of the factors
regulating regeneration. The Influence of x-rays on limb
regeneration In salamanders has been studied partlculary by
Butler (1933) and by Llchko (1934). In the axolotl, Llchko
fotjnd that x-ray Inhibition of regeneration was accompanied by
the development of fibrous scar tissue at the amputation
svirface. He reported that removal of the fibrous scar nulli¬
fied the Inhibiting effects of the x-ray treatment. Butler
attributed the x-ray suppression of regeneration of the limbs
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of the larval Amblystoma which he used, to a blocking of
cellular differentiation. The suppression of regeneration of
the limbs was permanent.
Needham (1941) made the interesting discovery that a
chemical agent, beryllivim nitrate, had unusual properties as
an inhibitor of tail regeneration in anuran tadj[>oles.
Thornton (1949,1950) extended the use of beryllium nitrate in
an analysis of its effects on limb regeneration in urodele
larvae. He foxand that the effects of beryllivim on limb
regeneration in Amblystoma depended on the size of the larvae
and the level of the limb at which amputation and beryllium
treatment occurred. The distal levels of the limb were more
resistant to the effects of beryllium than were the proximal
levels. Of particular interest was the effect of beryllium on
wound healing. The amputation surface of the beryllium
inhibited limb stump was rapidly covered by thick layers of
skin, rather than by the delicate wound epithelium that
migrates over the wound sxorface of normally regenerating limb
stxjmps.
Thornton (1951) later did additional studies on
beryllium's effect on limb regeneration in Amblystoma larvae.
He reported that no blastema formed in the beryllixjm inhibited
limb stump. A clearly defined basement membrane appeared
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precociously under the wound epidermis. He found further that
reamputation of beryllium inhibited limb stumps resulted in
normal blastema formation and regeneration. Similar results
were obtained by Benson (1967). He found that when 0.? and 0.5
N beryllium nitrate were used, tail regeneration in frog tad¬
poles were inhibited. Furthermore, he noted that the activity
of acid phosphatase was affected but not totally inhibited by
this treatment. His studies revealed that succinic
dehydrogenase activity was not totally inhibited by O.7 N
beryllium 5-10 days postamputation, but between 20-36 days
postamputation, succinic dehydrogenase activity was completely
inhibited.
During the past 30 or so years numerous inhibitors have
been applied to regenerating systems in attempts to elucidate
relationships between various processes and tissue interactions
which play a role in the restoration of a lost structure. In
the vast majority of the cases the mode of action of the
inhibitor has not been known and information concerning the
fundamental nature of the disturbance in the regenerating
process has been lacking. Recently, however, the effects of
several antibiotic inhibitory compounds have been determined at
the molecular level. One of these antibiotics is actinomycin
D, which is generally regarded as Inhibiting the formation of
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DNA dependent RNA, Wolsky and Van Doi (1965) observed that
actinomycin D strongly inhibits blastema formation and
differentiation in amputated tails of Amblystoma punctattm and
Rana pipiens larvae. Carlson (1966) foxmd that the
regenerative events which were basically destructive in nature
were unaffected by actinomycin D, whereas those involving the
differentiation, aggregation or redifferentiation of cells
were profotandly disturbed, Carlson (1967) found that when
2.5|j fe/g body weight of actinomycin D were used one day before
amputation, it was inhibitory and the wound epidermis was
considerably thicker than the controls. He also treated the
organisms 11, 20, and 30 days after amputation and found that
the greater the number of days of treatment after amputation,
the less effect actinomycin D had on the regenerative process.
The phenomenon of regeneration has suggested many
fundamental problems but one of the most important is related
to the specific origin of cells within the regeneration
blastema. The origin of these cells might be, in the case of
limbs, the internal tissues such as cartilage, muscle, and
connective tissue or the epidermis, or both sources. There are,
therefore, several schools of thought concerning the origin of
blastema cells. According to O'Steen and Walker (1961), an
earlier investigator, Godlewski, first advanced the hypothesis
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that epidermal cells from the thickened apical cap migrated
Into the blastema In large numbers. Rose (19A8) and Rose,
Quasler and Rose (1955) reintroduced this hypothesis. Hay
(1952), using tlssvies with modified chromosome nxmibers,
showed that cells In the blastema of amphibian larvae came In
part both from Internal tissues and from epidermis. Results
from the work of others (Butler, 1933; Thornton, 1938a, 1938b,
1942; Forsyth, 1946, and Chalkley, 1954) Indicated that the
principal sources of blastema cells were the Internal tissues
of the regenerating limbs, such as fibroblasts, and
dissociating muscle and cartilage.
Although the methods used by the previously mentioned
Investigators have contributed to a better understanding of
the regenerative process and have stimulated additional
related research, some of them have not proven completely
satisfactory. They provided some evidence for the origin of
blastema cells; however, there was still doubt because they
did not mark the cells so that they might be followed dvurlng
the later stages of regeneration. Radioautography using
trltlated thymidine Is a method of labeling DNA In the nviclel
of cells preparing to divide. By employing this technique,
the reactive nuclei may be traced for varying lengths of time,
O'Steen and Walker (1961) employed such a technlqtie while
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studying the regeneration of the forellmb of the common newt,
Trlturus vlrldescens. Their results Indicated that the
blastema was formed by active proliferation of the skeletal
muscle particularly, and of other Internal tissues of the
stump. They also found that reactive epidermal cells, which
moved from basal to sxxrface layers In the same histological
and chronological pattern as In normal skin, apparently did
not contribute to the formation of the blastema.
Rlddlford (1960) Infused the early regenerate bud
with a solution of trltlated thymidine and the labeled cells
were then followed In histological sections on subseqiaent
days. Transplantation experiments In which labeled and non-
labeled tissues were combined were fruitful In the evaluation
of the role of the epithelium In limb regeneration. Epidermal
and mesenchymatous cells of the regenerate, as well as muscle,
Schwann cells, connective tlssiie, and epidermis of the stump,
were labeled by both administrative techniques. However,
Infusion gave a higher freqiiency of labeling In the blastemal
region which did not extend to the opposite regenerating limb.
In subsequent days there was a gradual Increase In the
frequency of labeled cells. In transplantation experiments the
labeled regenerate epidermis was exchanged with nonlabeled
epidermis of the opposite felaStema. There was no movement of
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the labeled epidermal cells into the unlabeled blastema.
These results showed that cells of the blastema did not arise
from the epidermis.
One would suspect that in a regenerating system,
increased biosynthesis of macromolecules would be a prime
necessity, Bodemer and Everett (1959) were among the first
investigators to do studies of this nature. Their studies
were on the limb of the adult newt, Triturus viridescens.
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using methionine-S as the label. Their observations were
based on the period from the 1st to the 27th day after
amputation. During this period there was a gradual increase
in the magnitude of incorporation of this amino acid in the
regenerate. Similar work has also been done by Yamada and
Takata (1963) in lens regeneration of the adult newt T.
viridescens. Making use of autoradiographic studies, they
found a tremendous enhancement of two macromolecules, specif!
cally protein and RNA, Using tritiated leucine, they
observed an enhancement starting with one day after lens
removal and lasting through the 25 days observed. Supporting
data were obtained by Yamada and Karasaki (1963) when only
RNA studies were carried out. Furthermore, their
autoradiographic data indicated an acceleration of the
transfer of RNA synthesized in the nucleus into the cytoplasm
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Dvjring the same period, a gradual increase in the frequency
of ribosomes per mit area of cytoplasmic matrix was
demonstrated by electron microscopy*
A major soxarce of cellular energy is derived from the
degradation of glucose or gljrcogen through a series of phos-
phorylated intermediates, and final oxidation to carbon
dioxide and water. In addition, the glycolytic and oxidative
tricarboxylic acid (TCA) cycles have received considerable
attention for their contribution to the metabolism of nearly
every important cellular constituent, such as lipids, nucleic
acids, and amino acids. Nevertheless, the glycolytic-
tricarboxylic acid pathways have received only sporadic and
modest attention in studies of regenerating tissxaes, Geczik
and Wolsky (1959), working with T, viridescens* found an
above normal activity in succinate dehydrogenase, lactate
dehydrogenase, and malate dehydrogenase in the regenerating
tail. Similar results were obtained by Schmidt (1963) and
Schmidt and Weidman (1964) while working with regenerating
forelimbs of a similar amphibian (Diemictylus viridescens),
In addition to the above dehydrogenases, he foxjnd that
aldolase was moderately reactive in this regenerating system,
Wolfe and Cohen (1963), however, obtained a very low response
for isocitrate dehydrogenase in the regenerating blastema of
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the iirodele limb. They concluded that should the TCA cycle
be at all operative in the regenerating blastema, it
operates within the limits of the most sensitive histo-
chemical tests available. They suggested that the
glycolytic and TCA cycles played neglible roles in the re¬
generation blastema, with a large share of their metabolic
activity directed toward the synthesis of nucleotides and
nucleic acids.
Some studies have been conducted using a hormone
known to be involved in metabolic activities. This sub¬
stance is insulin. Landauer (1945) showed that two units
of insulin, when injected into chicken eggs prior to incu¬
bation, caused a considerable portion of the caudal vertebrae
not to develop. This resulted in a condition known as rump¬
lessness. Later Landauer (1947) produced various other
abnormalities in the chick, varying with the age of the
embryos and the dose of injected insulin. Among these
abnormalities were rotation of the right leg and the de¬
velopment of polydactylism. The mechanism by which normal
formation of the beak and extremities was interfered with
tinder these conditions has not been established. Corda
(1932) found that injection of insulin to pregnant rab¬
bits was followed by abortion of undersized fetuses and
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the birth of small yoiong. The results were ascribed to
interference with the carbohydrate exchange between mother and
fetuses, but the author also envisioned the possibility of a
more direct action of insulin on the fetuses.
Gregg and Pomerat (1942), working with developing
Rana pipiens embryos, found that insulin was inhibiting and
toxic above a concentration of 0.02%. Among the effects that
they reported were a reduction of notochord, thickening of the
epidermis, and reduction of the tail. More recently
tepkovsky, Len, Koike and Bouthilet (1965), working with lay¬
ing hens, found that when protamine zinc insulin was injected
into the organisms they stopped laying. Furthermore,
observations of the behavior of the chickens suggested varying
degrees of neurological impairment. The chickens had
difficulty keeping their heads up; their heads slowly drooped
and then were suddenly jerked up. Many became excessively
docile for this type of chicken, indicating changes in their
emotional reactions. One chicken was lanable to stand. It
was of Interest, then, to see what effect Insulin might have
on tail regeneration in Rana clamitans larvae. Also, since
none of the previous investigators explained specifically
Insulin's mode of adtion, this investigation was undertaken to




Rana clamltans larvae used in these experiments were
obtained from Lemberger Company, Oshkosh, Wisconsin or from
J, R, Schettle Biological, Stillwater, Minnesota, Prior to
experimentation the organisms were allowed to remain in the
laboratory at least one week in order to allow them to adjust
to the new environment. The organisms were kept in large
aquaria of aerated water until the time of experimentation,
at which time they were separated into groups using large
finger bowls and kept at a temperature of approximately 22 C.
They were fed a diet of boiled lettuce two to three times
per week; the diet was supplemented with commercial tadpole
food.
At the time of experimentation, organisms were selected
that were approximately 7 cm in length. The amputations were
made transversely 7 mm from the tip of the tails. To perform
the amputations the organisms were placed on a 3 x 5"
paraffin block and the cuts were made with a double-edge razor
blade. The paraffin block was used to minimize injury.
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Application and Dosage of Insulin
Insulin was administered to the stimip of amputated
tails of larvae by Injecting Intramuscularly using a 2% cc
sterile syringe attached to a 25 G needle. The Insulin used
was Iletln (Insulin, Lilly) obtained from Ell Lilly and
Company, Indianapolis, Indiana.
Since no previous work had been done with Insulin and
tadpoles. It was necessary initially to ascertain the dosage
of Insulin that could be tolerated by the organisms. To do
this the following experimental series were set up.
Experimental series
Thirty-six organisms were used In this series, 18 as
experimental organisms and 18 as controls. Their tails were
amputated 7 nna from the tips and then the organisms were
Injected with 16 units of Insulin If they were designated as
experimental organisms. To provide a normal basis of
comparison, the controls. In addition to simple amputation,
were Injected with the same amotuits of physiol0.glcal saline.
The concentration of saline used was 0.64%, which, according
to Humason (1967), Is physiological for amphibians.
Experimental series II.
Forty-eight organisms were used In this series, 24 as
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experlmentals and 24 as controls. They were treated
exactly as those In Experimental series I except the dosage
In this series was 12 tinlts of Insulin and 12 units of
saline In the experlmentals and controls respectively.
Experimental series III.
Sixty organisms were used In this series, 30 as ex¬
perlmentals and 30 as controls. They were treated as
previously mentioned. The only variable being the dosage,
which In this series was 8 units.
Experimental series IV.
Ninety-six organisms were used In this series. They
were arranged and treated as before, except this time the
dosage was only 4 xmlts.
Histological Procedtires
In preparation for histological studies, larvae were
sacrificed after 2, 4, and 6 days of regenerative growth.
They were fixed, washed, dehydrated, cleared. Infiltrated,
embedded, sectioned and stained. The Feulgen staining
technique was employed. Since a fixative that contained
merctxrlc chloride was recommended In this procedixre, Zenker's
fluid was chosen. It contains the following:
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potassliim dlchromate 2,5g
mercuric chloride •••••• 4,0 g
sodium sulfate 1.0 g
distilled water 100.0 ml
glacial acetic^ acid 5.0 ml
This fixative was selected because of Its fairly
rapid penetration. Hvimason (1967) recommends fixation time
for Zenker's to range from 4-24 hr. It was fo\jnd, however,
that a maximum of 18 hr should be used to prevent excessive
hardening of the tlssxie.
After fixation was accomplished, the excess
fixative was washed out of the tissue to prevent Inter¬
ference with subsequent processes. Washing was usually done
In running water; however, since fixation had been carried
out In a solution that contained mercuric chloride,
additional treatment was necessary. The tissue was washed In
50% alcohol, 70% alcohol, then in an iodine-alcohol solution
(satxjrated solution of Iodine In 70% alcohol). It was left
in this solution from 5-8 hr. The Iodine was used to remove
excessive merc\n:lc chloride precipitate left In the tissue.
According to Htnnason (1967), following washing, the tissue
may be stored for several weeks or months in 70% alcohol.
It was found here that it was always safer to dehydrate and
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embed as soon as possible because storage In alcohol tended
to reduce the stalnablllty of the tissue. This was found
to be especially true of the covmterstaln that was used
(fast green).
The tissue was Infiltrated first with low melting
point paraffin (52.5 C), then with high melting point
paraffin (56.5 C) In an oven at 60 C for 40 and 30 min.
respectively. High melting point paraffin was also used
for embedding.
Sections were made longitudinally at 7M using a
rotary microtome, and the ribbons were mounted on the slides
with Mayer's albumen adhesive. Staining was accomplished by:
Deparafflnlzlng In xylol (2 changes,
15 min each)
Hydrating to water using the following
solutions:
absolute alcohol (2-3 min)
95% alcohol (2-3 min)
70% alcohol (2-3 min)
50% alcohol (2-3 min)
35% alcohol (2-3 min)
distilled water (2-3 min)
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Placing in Lugol's solution (3 min)
Hydrolyzing at 60 C in N HCl (5 min)
Rinsing at room temperature in N HCl (5 min)
Rinsing in distilled water (5 min)
Staining in Sbhiff's reagent (2 hr)
Draining and transferring quickly to the following
bleaching solution (3 changes, 1 min each)
N HCl 5.0 ml
10% aqueous Na2S205 • • 5.0 ml
distilled water .... 100.0 ml
Washing in rxanning water (2 min)
Rinsing in distilled water (1 min)
Counterstaining in fast green (10 sec)
Dehydrating the slides using the following solutions
35% alcohol (1-2 min)
50% alcohol (1-2 min)
70% alcohol (1^2 min)
95% alcohol (1-2 min)
100% alcohol (1-2 min)
Clearing with xylol (10 min)
Mounting in kleermount-xylene
In this staining procedure Lugol's solution was
necessary to eliminate the remaining mercuric chloride
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crystals that would otherwise persist as dark cltsnps and
needles in the finished slides.
Photomicrographs were taken of selected sections
using a Polaroid camera attached to a triocular compound
microscope.
Biochemical Procedures
In order to conduct the biochemical studies, first an
extract had to be made. Four tails were used per extract.
The combined wet weight of the extracts was taken and 5 ml
of macerating medium were used per gram of wet weight.
The macerating medium used was 0.64% physiological saline.
Maceration was accomplished by the use of a mortar and
pestle. The tlssvie was further broken by sonification with
a Bronson (model 140D) sonicator for 2 min. It was then
centrifuged at 4000 rpm for 15 min. The supernatant was
then used as the extract.
Protein determination.
Aliqxiots of the supernatant were assayed for protein
by the following method, which represent a modification of
Lowry, Rosenbrough, Farr and Randall (1951). The following
reagents were used:
Reagent C 0.01% CuSO^
0.01% Na, K Tartrate in 2% Na2C03
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Reagent D: Foltn phenol reagent (1 N)
To a 1 ml sample of extract in 20 ml test tubes, 5 ml of
reagent C were added. The tubes were mixed well and
allowed to stand for 10 min at room temperature. To the
mlxttire, 0.5 ml of reagent D was added very rapidly and
mixed within a second or two. After 30 min, the optical
density of the samples was read at 660 m\i in a model 330
spectrophotometer.
RNA determination.
The RNA assay was performed by the method of
Schneider (1945). The following reagents were used:
FeClg-HCl (0.1% FeCl3 in concentrated HCl)
10% orcinol in ethanol
0.1 N NaOH
To a 2 ml sample of extract in 20 ml test tubes, 1 ml of
0.1 N NaOH was added, followed by the addition of 3 ml of
FeCl3-HCl mixture. After shaking well, the tubes were
capped with aluminum foil and placed in a boiling water bath
for 30 min. They were then cooled and the optical density
was read as described previously for protein. The
principle of this assay is that the heating in concentrated
HCl containing Fe hydrolyzes the RNA. Purine ribosides can
then react with the orcinol to give a green product.
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Importantly, deoxyribose gives little or no reaction.
DNA determinat ion«
The DNA assay was performed by the method of
Williams (1968). The following reagents were used:
Trichloracetic acid
Indole-HCl (0,03% in 3 N HCl)
Amyl acetate
To a sample of extract in a 20 ml tube, the same amount of
10% trichloroacetic acid was added. This mixture was
placed in a boiling water bath for 20 min. After cooling,
it was centrifuged at 4000 rpm for 10 min. In each test
tube 1 ml of the supernatant was decanted. To this 10 ml
sample, 4 ml of the indole-HCl were added. The tubes were
mixed, capped, and placed in a water bath at 37 C for 1 min.
After cooling, 6 ml of amyl acetate were added. Each tube
was then shaken and read at 420 myi^ exactly 30-90 sec. later.
Deoxyribosldes released by hydrolysis of the extract in hot
trichloroacetic acid react with Indole to form a colored
compovind. The nonspecific products were removed in the amyl
acetate extraction.
Glucose-6-phosphate dehydrogenase determination.
The glucose-6-phosphate dehydrogenase assay was
performed by the following method, which represents a
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modification of Glock and McLean (1953)• The assay is
based upon the reduction of nicotinamide-adenine
dinucleotide phosphate <(SIADP) as determined spectrophoto-
metrically at 340 m|4 • The reagents used were as follows:
Enzyme (extract)
Substrate: 0,1 M glucose-6-phosphate
Coenzyme: 0,0060 M NADP
Buffer: 0.055 M Tris-HCl, pH 7.8 at 30 C,
containing 0.0033 M MgCl2






2.8 ml 2.7 ml
0.1 ml 0.1 ml
0.1 ml
NADP 0.1 ml 0.1 ml
CHAPTER IV
OBSERVATIONS
The results of this Investigation demonstrated that
Insulin Indeed affected the regeneration process In Rana
clamltans larvae. These observations were made grossly,
histologically, and biochemically.
Gross Observations
All imlts of Insulin greater than 4 were fatal to
Rana clamltans larvae. The larvae Injected with 16 units
of Insulin failed to survive the 1st day of treatment. The
18 controls that were Injected with 16 units of
physiological saline lived throughout the regenerative
period which lasted 26 days. In Experimental series II,
where the dosage was 12 units, only 3 of the larvae
survived the first 24 hr of treatment. They, too, had died,
however, by the second day. In Experimental series III 8
imlts of Insulin were used. This dosage was found to be
fatal to 12 of the 30 larvae used as experlmentals by the
end of the 1st day of treatment. Twelve of the 18 svirvlvlng
ones lived until the 3rd day, and 6 lived imtll the 4th day.
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As In Experimental series I, all control larvae In Ex¬
perimental series II and III lived throughout the
regenerative period.
Table 1 shows the relationship between Insulin
dosage and the mean svirvlval time of the larvae. There is
an inverse relationship between insulin dosage and the
mean stirvival time. As the dosage of insulin increases
the mean stxrvival time decreases. It varied from less than
one day when 16 units of insulin were used to more than 26
days when 4 units were used. When 12 units of insulin were
used the mean survival time was one day. It increased to 3
days when 8 xmits were used.
Since none of the larvae in Experimental series I,
II, or III lived throughout the regenerative period, the
remainder of these observations will be confined to
Experimental series IV (those receiving 4 units of Insulin),
Observations were made dally and measurements of
regenerative growth were made and recorded at two-day
intervals for a period of 26 days, when the regenerative
process was essentially complete. The daily observations
revealed a marked disturbance in equilibrium and
coordination of the experimental organisms. The entire
body rotated about its longitudinal axis as the animals
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Table !• The effect of various doses of Insulin upon









I 16 (less than) 1 18
II 12 1 24
III 8 3 30
IV 4 (more than) 26 48
progressed through the water. The final stage of
disorientation was characterized by a complete loss of
equilibrium, with the animals often lying on their backs at
rest. This peculiar behavior was observed until about 10
days postamputation when the larvae began to regain their
equilibrium and behave as controls.
The results of the meastjrements of regenerative
growth at two-day intervals are presented in Tables 2 and 3.
As can be seen, the experimentals progressed at a slower
pace during the early stages of regenerative growth. At 2
days postamputation there was no measurable regenerative
growth in either the experimentals or the controls. There
was an average of 0,6 mm of regenerative growth at 4 days
31



















*Each value represents an average for the total
number of organisms in the series.
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postamputation in the controls, while there was no
measurable regenerative growth in the experimental until the
6th day. It can be seen then that this dose of insulin (4
units) does not completely inhibit regeneration but the
process was considerably retarded. From the outset the
experimentals began to lag behind the control. The pace at
which the controls progressed more rapidly than the
experimentals remained constant until about the 12th day of
regenerative growth. Afterwards, the difference between the
two groups began to decrease progressively, until it was
zero at day 26. This marked the end of regeneration.
The percentage and percentage effect of regenerative
growth can be seen in Table 3. Under the colximn headed
"percentage of growth", these figures were obtained by
setting the controls as 100% and the experimentals as a
fraction thereof, depending upon the extent of deviation
from the controls. The figxores under the colxrain headed
"percentage effect" were obtained by subtracting the
experimental column from the control column. It can be seen
from the percentage effect column that this dose of insulin
appears to exert a constant affect until about the 12th day.
The percentage effect colxrnm ranged between 47 and 50 until
the 21st day, at which time the percentage effect began to
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2 a* » WWW
6 100 50 50
8 100 53 47
10 100 50 50
12 100 53 47
14 100 70 30
16 100 66 34
18 100 75 25
20 100 85 15
22 100 87 13
24 100 92 8
26 100 100 0
®The figures in this colvimn were obtained by setting
the controls as 100% and the experimentals as a fraction
thereof, depending upon the extent of deviation from the
controls.
^The figures in this column were obtained by
subtracting the experimental column from the control column.
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decrease constantly and rapidly until the effect was
essentially zero at day 26. These data have been
summarized graphically in Fig, 1. The graph is a plot of
days postamputation versus time. Interestingly enough the
time which the percentage effect remained constant seemed
to coincide with the gross observations in which the larvae
exhibited a marked dist\u:bance in equilibritxn.
Histological Observations
Histological observations of both experimentals and
controls extended over a period of 6 days. The migration
of epidermal cells to close the amputated area is known as
wotond healing. According to Thornton (1951), Bodemer (1958),
and Carlson (1967), the amputation surface is usually
completely covered with epithelivim within 24 hours. These
histological observations tended to confirm their findings.
In both the experimentals and controls this phenomenon had
occurred 2 days after amputation. The photomicrograph shown
in Fig. 2 illustrates the typical histology of a tail 2 days
after amputation. The epidermis has migrated to cover the
woimd area. As early as 2 days postamputation the first
consistent histologic difference is evident between the





Fig. 1. A graph showing the relationship between the amovmt of regenerative
growth in experimentals as compared to controls.
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Fig^ 2, Longitudinal section of control 2 days after
amputation. Note how evenly the epidermis
has migrated to cover the wotind area. Muscle
tissue (mt) can also be seen in this section.
Feulgen. lOX.
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(Figs, 3, 4, and 5), not only can It be seen that the
epidermis has covered the wotinded area, but an abnormal
morphologically distinct bleb has formed by the migrating
epidermal lips.
Although these experimentals are quite similar,
they are slightly different In their own respect. In Figs,
3 and 4 It can be noted that In addition to this mentioned
abnormality of the epidermis. It appears that the epidermis.
In some cases, has pulled away from the basement membrane,
leaving clear spaces just Interior to the epidermis. Such,
however. Is not evident In Fig, 4, This piling up of
epidermal cells Is greater In Fig, 5 than either Fig, 3 or
Fig, 4,
Flgtnre 6 Is another 2-day experimental. Although
the bleb that Is present In most of the experlmentals at
this stage Is not shown In this photomicrograph. It can be
seen, however, that the epidermis Is considerably thicker
here than in the control (Fig, 2), Too, the epidermis is
considerably vtneven. Exactly how much thicker the
experlmentals are than the controls can be ascertained by
comparing a higher magnification section of a typical
control (Fig, 7) with that of a typical experimental (Fig,
8) at the same stage of treatment. In the control the
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Flg« 3. Longitudinal section of experimental 2 days
after amputation. Unlike the control, the
epidermis Is thicker and uneven. Note also
that the epidermis has pulled away from the
basement membrane (arrows). Feulgen. lOX.
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Fig, 4, Longitudinal section of experimental 2 days
after amputation. Note the beginning of the
formation of a bleb at the tip of the tail
(arrow) by the continvied migration of the
epidermis, Feulgen, lOX,
40
Fig, 5. Longitudinal section of experimental 2 days
after amputation. Note the tremendous
accixnulatlon of epidermal cells at the tip
forming a knobllke pattern. Note also the
epidermis has pulled away from the basement
membrane (arrow), Feulgen, lOX,
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Fig, 6. Longitudinal section of experimental 2 days
after amputation. Note the xmevenness and
the thickness of the epidermis. Note also
the vacxiolated notochordal cells (vnc),
notochordal sheath (ns), and the peripheral
notochordal cells just interior to the
notochordal sheath, Feulgen, lOX,
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Fig, 7, Longitudinal section of an enlarged control
2 days after amputation showing that the
thickness of the epidermis (e) is only 2-3
cell layers thick. Note also the
undifferentiated cells (uc) with darkly
stained nuclei accumulating to form the
blastema, Feulgen, 45X,
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Fig, 8, Longitudinal section of an enlarged experimental
2 days after amputation. Note that the epidermis
(e) is 7*8 cell layer thick, about three times as
thick as the control, Feulgen, 45X,
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epidermis is only 2-3 cell layers thick, while that of the
experimental is as great as 7-8 layers thick, a
difference of about three-fold.
Similar to the epidermis, there was also observed an
abnormality in the notochordal sheath. This observation is
amplified in Figs. 9 and 10. In the controls (Fig, 9),
notice the smoothness and the width of the notochordal
sheath. The experimental (Fig. 10), however, indicates an
unevenness in the notochordal sheath as well as a
thickness that appears to be twice that of the control. Of
little significance in this discussion is the fact that in
both photomicrographs, perpheral notochordal cells
vacuolated notochordal cells and in some cases nuclei of
vacuolated notochordal cells can be seen also.
Figure 11 shows the typical 4-day tall regenerate.
Note again t|ie smoothness and evenness of the epidermis.
The greatest difference between the 4-day regenerate and
the 2-day regenerate (Fig, 2) is the amount of regenerative
growth. There is a greater mass of undifferentiated cells
forming the blastema in the 4-day than in the 2-day
regenerate. In the 4-day experimentals (Figs, 12, 13 and
14), it is of interest to note that this abnormal migration
of the epidermis still persists. Furthermore, these
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Fig. 9, Longitudinal section of control 2 days after
amputation. Note the smoothness of the
notochordal sheath (ns), Peripheral notochordal
cells (pnc) and large vacuolated notochordal
cells (vnc) are also shown. Feulgen, 45X,
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Fig, 10, Longitudinal section of experimental 2 days
after amputation. Note the unevenness of
the notochordal sheath (ns) and that it is
much thicker than that of the control (Fig,
9), The vacuolated notochordal cells (vnc)
and peripheral notochordal cells (pnc) can
also be seen, Feulgen, 45X,
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Fig, 11. Longitudinal section of control 4 days
after amputation. Note that there is
no accumulation of epidermal cells at
the tip; the epidermis is rather
uniform. Internally a mass of
undifferentiated cells (uc) has formed a
blastema (b). Feulgen. lOX.
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abnormal appearances are even greater than in the 2-day
experimentals (Figs. 3, 4, 5, and 6). In Fig, 12 there
is a tremendous accumulation of epidermal cells forming
a knoblike structure at the tip. This accxmulation is
greater than either of the 2-day experimentals. Likewise,
Fig. 13 shows a type of epidermal migration in the form of
a saucer-shaped structure that is second to none of the
2-day experimentals. Figure 14, another 4-day
experimental, shows another pattern of epidermal
abnormality. This photomicrograph deviates from the con¬
trol in that the apical epidermal cap is much thicker than
the control. Also there is an vmevenness similar to that
observed in many of the experimentals in both 2 and 4
days.
The photomicrograph shown in Figure 15 illustrates
the typical histology of a tail 6 days postamputation. At
this time the tip of the tail has somewhat changed from
the rounded appearance seen in the 2- and 4-day
regenerates to a more pointed morphology. Note that in the
experimental at this stage (Fig, 16), the abnormal epidermal
appearance has about lost its prominence; the disorganized
histologic pictxnre seen at 2- and 4 days has subsided
considerably and it is nearly indistinguishable from the
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Fig. 12, Longitudinal section of experimental 4 days
after amputation, A ball of epidermal cells
is shovm at the tip. Note again that the
epidermis has pulled away from the basement
membrane to form an empty space (s),
Feulgen. lOX,
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Fig. 13. Longitudinal section of experimental 4 days
after amputation. Note the same saucer¬
shaped bleb formed at the tip of the tail.
It can be seen that the epidermis is
extremely thick on the left side. Note
also the space (s) between the epidermis and
basement membrane, Feulgen. lOX,
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Fig, 14, Longitudinal section of experimental 4 days
after amputation. Note again the unevenness
and thickness of the epidermis at the tip.
The notochordal sheath (ns) and vacuolated
notochordal cells (vnc) can also be seen in
this section. Note also the large space (s)
just interior to the epidermis, Feulgen,
lOX,
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Fig, 15. Longitudinal section of control 6 days after
amputation. Note that at this stage the
tail has become rather pointed, and that
muscle tissue (mt) is dedifferentiating,
forming a more extensive blastema. Feulgen,
lOX
53
Fig, 16, Longitudinal section of experimental 6 days
after amputation. Note that the epidermis is
only slightly thicker and that it has nearly
regained its normal form when compared with
the control (Fig, 15) at the same stage. The
pulling away of the epidermis from the
basement membrane leaving a space (s) is still
present, however, Feulgen, lOX,
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control. The only major difference between the experimental
and control at this stage is that the epidermis has pulled
away from the basement membrane in the experimental, an
abnormality seen in most of the experimentals in 2 and 4 days
postamputat ion •
Biochemical Observations
Extracts were made at 2-day intervals of both
experimentals and controls, extending over a period of 10
days, for all biochemical studies. The only exception to
this were extracts for the DNA studies, which extended
through 8 days. In the protein assay (Fig. 17), it can be
seen that there was a slight lag in protein synthesis in the
control up to about 4-days posttreatment, after which, there
was a steady increase for the remainder of the observed period.
In the experimentals, on the other hand, there was only a
slight increase during the entire observed 10-day period.
Table 4 shows the relationship between the experimental and
control protein studies throughout the observed period. The
ratio colxsnn illustrates how much greater protein synthesis
there was in the controls than in the experimentals.











8 100 2 4 6
DAYS OF REGENERATION
Fig, 17, A graph showing the results of the assay for proteins at different
periods of the regenerative process.
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Table 4. The relationship between the experimentals
and controls in the protein studies.
Days
post- Optical density reading
treatment Control Experimental Ratio
0 ,560 — —
2 ,570 ,560 1,02
4 ,610 ,565 1,08
6 ,715 ,605 1,18
8 ,840 ,580 1,45
10 ,890 ,600 1,48
*Each value represents an average for the total
nimiber of organisms in the series*
difference is as much as approximately 1,5 times in the 10-
day extract. The RNA assay (Fig, 18) shows nearly the same
type of pattern as the protein assay. There was a lag in
RNA sjmthesis in the controls xmtil about 4 days posttreat¬
ment, then a constant increase for the remainder of the
period observed. The RNA experimentals, like the
experimentals in the protein assay, increased only very
slightly during the entire observed period. The ratio column
(Table 5) shows that RNA sjmthesis in the controls was more
OPTICALDENSITYA660Mp
DAYS OF REGENERATION
Fig, 18. A graph showing the results of the assay for RNA at different
periods of the regenerative process.
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Table 5. The relationship between the experimentals






0 ,042 — —
2 ,040 .030 1,33
4 ,037 ,035 1,06
6 ,062 ,042 1,47
8 ,110 ,045 2,40
10 ,185 ,070 2,64
*Each value represent an average for the total
number of organisms in the series,
than 2,5 times greater than that of the experimentals in the
10-day extract.
Interestingly enough, the DNA studies did not vary
significantly from the protein and RNA. studies, Figvire 19
shows that the experimental extracts lagged significantly
behind the controls. There was a steady increase in DNA
synthesis throughout the period observed in the controls,
while in the experimentals there was essentially no
synthesis through the 6th day. However, there was a slight
increase in DNA synthesis in the experimentals from the 6th
OPTICALDENSITYA420M|J
DAYS OF REGENERATION
Fig. 19. A graph showing the results of the assay for DNA at different
periods of the regenerative process.
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to the 8th day. Nevertheless, the difference between the
experimentals and controls was significant. The ratio column
in Table 6 shows that DNA synthesis in the controls was
nearly 2.75 times as great as in the 6-day extracts. The
ratio, however, dropped to exactly 1.75 times in the 8-day
extracts. This drop in the ratio in the 8-day extracts was
due to the slight increase in synthesis in the experimental
extracts from the 6th to the 8th day.
Table 6* The relationship between the experimentals






0 .030 — W M
2 .050 .030 1.66
4 .070 .032 2.15
6 .095 .035 2.71
8 .105 .060 1.75
*Each value represents an average for the total
number of organisms in the series.
The results of the glucose-6-phosphate dehydrogenase
studies revealed a pattern quite similar to those obtained in
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the protein, RNA. and DNA. studies. There was a gradual
increase in the activity of the control extracts (Fig, 20)
throughout the period observed. The increase in activity of
the experimental extracts was so slight that it was
negligible. When comparing the experimental and control
extracts 4 days post-treatment, it can be seen that the
activity in the control (Table 7) is greater than 1.75 times
that of the experimental and in the lO-day extracts the
difference was almost as great.
OPTICALDENSITYAT340
Fig* 20. A graph showing the results of the assay for glucose-6-phosphate
dehydrogenase at different periods of the regenerative process.





















0 .030 .200 .170 — —
2 .060 .230 .170 .080 .200 .120
A .080 .250 .070 .090 .220 .130
6 .085 .270 .185 .110 .210 .100
8 .100 .290 .190 .100 .240 .140
10 .110 .350 .240 .110 .250 .140




The findings from histological studies showed that in¬
sulin had some effect on a developmental process
(regeneration), which is in keeping with the work of Landauer
(1945)• He worked with developing chick embryos and found
that two vinits of insulin caused the tail vertebrae not to
develop, producing the condition known as ’’rumplessness
The histological studies from the present investigation show
that insulin has an effect specifically on the process of
cell migration. In almost all the experimentals, the initial
covering of the amputation wound by migrating epidermis was
visibly altered. The effect was of such that during cell
movement the migrating epidermal lips did not recognize that
they had established continuity and thus continued to migrate.
This would, therefore, explain the morphological bleb that was
noticed. In the 2-day experimentals, the epidermal lips had
established continuity and continued to migrate however, they
had not migrated very far after meeting. Therefore, the bleb
appeared rather small when compared with the 4-day
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experlmentals. Here the migration had continued much
farther, thus producing a much larger bleb. It can be said
then, that the extent of the abnormal migration of the
epidermis was directly proportional to the length of time
after amputation until such abnormality had ceased. From
histological studies it appears that this extensive
migration ceased at about the 5th or 6th day postamputation.
In the 6-day experimental there was little or no evidence of
continued migration of the epidermis.
Another consistent difference was observed between the
normal and experimental animals at the histologic level. The
epidermis was considerably thicker in the experimental than
in the normal, as much as 2-3 times thicker in some cases.
This thickness and piling up of epidermal cells seemed to be
characteristic of the effects of agents that either retard
regeneration or completely inhibit the process. Thornton
(1951) fovind that berylli\jm inhibited regeneration in
Amblystoma larvae. His histological studies revealed that
the epidermal tongues in beryllium-treated larvae continued
to migrate, leading to a piling up of epidermal cells.
Carlson (1967) foxand that the forelimbs of the newt,
Triturus. when actinomycin D was administered, developed a
considerably thicker epidermis than the normal
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One may argue that the thickened epidermis and the
piling up of cells in the experimentals at days 2 and 4 of
the histological studies reported in this thesis are in
contradiction with the biochemical studies; however, the
author contends that there is no contradiction, and that the
piling up of cells of the epidermis was purely the result of
cellular migration rather than synthesis. The findings of
Carlson (1967), who used actinomycin D to inhibit limb
regeneration in Triturus, but still got results similar to
those in the present investigation, tended to support the
above explanation of this phenomenon, Actinomycin D
inhibits the biosynthesis of protein, specifically by
inhibiting the formation of messenger RNA, Furthermore, Hay
(1961), stated that the initial process of wound healing was
due not to synthesis but to cellular migration. With regards
to the thickened epidermis, work by several investigators
(Bodemer 195d; Singer and Salpeter, 1961) have indicated a
close relationship between underlying cellular debris and a
thicker wound epidermis. However, the current findings are
not in agreement. Rather, they support the work of Carlson
(1967) who found that in the actinomycin D-treated limbs, the
epidermal thickening was frequently unaccompanied by necrotic
material beneath it.
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The findings from the studies of protein, RNA, DNA.,
and glucose-6-phosphate dehydrogenase supported the
statistical data obtained initially. These data showed
that the insulin treated experimentals lagged behind the
controls that were injected with the same amount of physi¬
ological saline. The glucose-6-phosphate dehydrogenase and
protein studies demonstrated that insulin affected not only
the activity and/or synthesis of the enzyme glucose-6-
phosphate dehydrogenase, but that its effect was on total
protein content as well. These observations confirm the
speculation of Lepkovsky et al, (1965) who foxmd that when
chickens were injected with 40 tinits of insulin/kg of body
weight, they stopped laying. Their explanation for these
findings was that insulin must have had some effect on
protein S3mthesis since eggs are basically protein in nature.
The present findings give some experimental evidence for what
Lepkovsky and associates suspected.
With insulin having the effects that these findings
show, it is not surprising that the rate of regeneration was
retarded. Similarly, it is not difficult to understand the
observations of Landauer (1945) that insulin, when injected
into developing chicken embryos, caused various abnormalities,
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varying with the amount of insulin and the time of
injection. Among these abnormalities was the condition,
"rumplessness.” In a developing system such as this, when
these processes, namely, DNA, RNA, and protein synthesis
and glueose-6-phosphate dehydrogenase activity are so
vitally needed, the organism could hardly produce all
products which are dependent on the above mentioned
processes. Regeneration, being a developmental process,
which is dependent upon increased activity of various
enzymes would, likewise, be affected. Schmidt and Weidman
(1964) foxind that the regenerating blastema of Diemictylus
viridescens. a newt, was very reactive for the enzyme
glucose-6-^hosphate dehydrogenase. In addition to glucose-
6-phosphate dehydrogenase, Geczik and Wolsky (1959) found an
above normal succinic dehydrogenase, lactic dehyrogenase,
and malic dehydrogenase activities in regenerating newt tails
24 hr after amputation.
These biochemical studies with glucose-6-phosphate dehy¬
drogenase not only show that insulin caused reduced activity
of this specific enzyme, but it also gave more information as
to the specific site of action of this hormone. These
studies demonstrated that the site of action was at the level
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of transcription rather than translation. In other words,
the enzyme was simply not being made. The most plausible
explanation for this type of action is that the repressor,
in this case insulin, works by combining with specific
sites on DNA, thereby blocking the transcription of the
corresponding RNA molecules. Alternatively, it is possible
to believe that the repressors do not control the synthesis
of specific mRNA molecules, but, rather, in someway control
their average lifetime. There is great variation in the
lifetime of mRNA molecules, so it is possible that a
repressor might act by combining with a mRNA molecule, hence
preventing its attachment to a ribosome and thereby increas¬
ing the probability of its enzymic breakdown. These
experimental results favor the former explanation since it
can be noted that the protein itself was not being made,
which means that the effect was at the level of transcription
of mlRNA for the enzyme in question.
Glucose-6-phosphate dehydrogenase is the first enzyme
in the hexose monophosphate shunt pathway. It catalyzes the
reaction between glucose-6-phosphate and 6-phosphogluconolac-
tone. Specifically, it transfers hydrogen to nicotinamide-
adenine dinucleotide phosphate (NADP) and produces 6-
phosphogluconolactone. This pathway, while it is not a major
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source of cellular energy, it Is necessary because It is an
intermediate pathway in the biosynthesis of purine and
pyrimidine nucleotides which, in turn, are precursors of the
nucleic acids. This, then, fxirther suggests that there was
a suppression in the synthesis of DNA and RNA due to the
reduced rate of formation of the monomeric units (nucleo¬
tides) for DNA and RNA polymerization.
CHAPTER VI
SUMMARY
1. Statistical data revealed that 4 vinits o£ Insulin did
not completely Inhibit regeneration, as had some
other agents used in regeneration studies, but the
process was considerably retarded d\aring the early
stages. Despite this fact there was little or no
difference between the experimentals and controls by
the end of days 26, when regeneration was essentially
complete.
2. It was found that dosages higher than 4 units were
ultimately fatal to the larvae and that from 4-16
units resulted in a progressive decrease in the mean
survival time.
3. Histological studies revealed that 4 lanits of insulin
had a profound effect upon the migration of the
epidermal lips during wound healing, causing them to
continue to migrate after continuity had been
established.
4. It was foxand that the epidermal cap was noticeably
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thicker In the experimentals than In the controls, as
much as 3 times in some cases.
5. This thickness and continued migration of the
epidermis was most pronounced in the 2- and 4-day
experlmentals•
6. A thickness and unevenness in the notochordal sheath
was also observed in the experlmentals.
7. The very disorganized histologic picture seen in
experlmentals 3- and 4-days postamputation had
subsided considerably by the 6th day; the experlmentals
at this stage were nearly Indistinguishable from the
controls.
8. Biochemical studies revealed that all three macromole¬
cules analyzed were affected by insulin (the effect in
some cases was nearly as great as 3 fold) and that this
effect was apparently at the level of transcription.
9. The activity of the enzyme glucose-6-phosphate
dehydrogenase, specifically, was affected by insulin, as
were proteins in general.
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